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INTRODUCTION 
Swarming is a behavioral response often associated with members 
of the genus Proteus. Swarming can be defined as the movement of highly 
elongated and flagellated "swarm cells" across the surface of a solid 
agar medium in periodic cycles of migration and consolidation (Williams 
and Schwarzoff, 1978). Microscopic studies showed that extracellular 
slime was always associated with swarming Proteus mirabilis, and it has 
been suggested that swarm-cell movement may be facilitated or even 
dependent on the production of an extracellular slime layer (Vander-
Molen and Williams, 1977). 
This study was performed to try to learn more about the composition 
and role of extracellular slime in swarming. The objective of this study 
was to isolate and purify extracellular slime associated with swarming 
2- mirabilis and to attempt to identify its chemical components. 
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LITERATURE REVIEW 
Swarming in Proteus 
The unusual morphological events and translocational behavior 
characteristic of certain members of the genus Proteus stimulated the 
curiosity of scientists ever since it was first reported by Hauser (1885). 
To this date, we do not fully understand the mechanisms which control 
swarming behavior. The involvement of chemotaxis has long been professed 
(Lominski and Lendrum, 1947; Hughes, 1957; Armitage and Smith, 1979), but 
never proven. In fact, convincing evidence has been presented (Williams 
et al., 1976) which supports the theory that swarming motility is a non-
chemotactic type of movement. 
The current description of the genus Proteus includes five species: 
Proteus vulgaris, Proteus mirabilis, Proteus rettgeri, Proteus morganii, 
and Proteus inconstans (Lautrop, 1974). Of these, only 2- vulgaris and 
Z* mirabilis exhibit normal swarming upon agar surfaces. 
Williams and Schwarzhoff (1978) described swarming as a behavioral 
response in which highly elongated and flagellated swarm cells move 
across the surface of a solid medium in periodic cycles of movement and 
consolidation. They separated the swarming phenomenon into three 
morphological events: the formation of swarm cells, the migration of 
swarm cells, and the "transformation" of long swarm cells into short 
cells, known as consolidation. When cells of Proteus mirabilis are 
grown in broth and inoculated onto a suitable medium, the cells reproduce 
as short forms for approximately 3 h, then two morphological changes 
occur. The cells continue to grow, but because cell division does not 
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occur, highly elongated multinucleated swarm cells are formed. In 
addition, the number of flagella per unit surface area increases; swarm 
cells may have 500-3000 flagella per cell rather than the usual 1-10 
flagella per cell. After approximately 4 h, the swarm cells begin to 
migrate out from the colony in groups or "rafts." Migration continues 
for about 1 h after which the consolidation phase begins. The swarm 
cells stop migrating and subdivide into short forms. The short forms 
grow and divide as before, after which swarm cells again form and the 
swarming process is repeated. 
A more complete presentation of these three morphological events 
follows. 
Swarm cell formation 
Approximately 3 h after actively growing cells of 2- mirabilis are 
inoculated onto a suitable agar medium, several cellular morphological 
changes occur. Cells at the edge of the newly formed colony undergo a 
transformation from short cells (0.7 um x 2 um) into very long filamentous 
cells (0.7 um X 20-80 um), called swarm cells. Cellular elongation 
results from either incomplete or total absence of septum formation in 
these actively growing cells. Recent evidence (Armitage and Smith, 1979) 
indicates that the ultrastructural details of the long swarm cells of 
2. mirabilis vary little from those of normal Gram-negative bacteria. 
Swarm cells have the typical Gram-negative envelope profile of the 
outer membrane, mucopeptide, and inner cytoplasmic membrane. The 
multiple nuclear bodies in the swarm cells are in discrete, evenly 
spaced areas of the cell. Nuclear arrangement has been shown by 
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microscopy (Armitage and Smith, 1979; Jones and Park, 1967) and by 
plasmolysis (Hoeniger, 1966) . 
Armitage et al. (1975) discovered that when swarm-cell formation 
occurs, there is a change in envelope permeability without a change in 
cell viability. Swarm cell movement becomes sensitive to antibacterial 
agents such as rifampicin. A subsequent study (Armitage et al., 1979) 
revealed that the cell envelope composition of swarm cells was different 
from short cells grown either in broth or on agar. They showed that 
long swarming cells had different proportions of some lipopolysaccharide 
components than short cells. Using fluorescence spectrophotometry of 
antibody-binding and sodium dodecyl sulfate polyacrylamide gel 
electrophoresis, it was shown that swarm cells have more long sidechain 
lipopolysaccharide relative to short sidechain lipopolysaccharide than 
nonswarming cells. Proteins and phospholipids of the envelope remained 
the same during swarmer development. Armitage (1982) showed that during 
swarming, changes in the organization of the outer membrane occur. Her 
results suggest that regions of lipid bilayer appear in the outer 
membrane of swarm cells. 
A change in metabolic activity was also shown during swarming 
(Armitage, 1981). The rates of uptake of precursors into DNA, SNA, and 
protein were lower in P. mirabilis swarm cells compared to nonswarming 
cells on solid media. Also, the rate of oxygen uptake by swarm cells 
was reduced to less than 20% of the normal rate, although intracellular 
ATP concentrations remained constant. These results indicated that in 
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swarm cells of 2- mirabilis, metabolic activity was lowered to a level 
necessary to maintain flagella activity but not bacterial growth. 
Hoffman and Falkinham (1981) observed that swarm cells of 2-
vulgaris were noninducible for the enzyme tryptophanase while short 
forms were readily inducible. Crude cell-free extracts of swarm cells 
had a very low tryptophanase activity compared with extracts of 
inducible short forms. They also showed that the transport of the 
inducer, tryptophan, was decreased in swarm cells compared to short 
forms. The addition of cyclic AMP, which stimulated increased levels 
of tryptophanase in short cells, had no effect on swarm cells. These 
results agree with the findings of Armitage (1981) but should be viewed 
with caution since swarm cells and short forms were grown under 
different conditions. Swarm cells were harvested from casein hydrolysate 
agar during swarming; short forms were grown in casein hydrolysate broth 
and harvested during late logarithmic growth phase. Cells in logarithmic 
growth phase are highly metabolically active, and this should be con­
sidered when comparing enzyme induction of these cells to that of swarm 
cells. 
Howat (1981) sought to determine whether or not a stored energy 
source might be implicated with swarming of 2- mirabilis. He found that 
intracellular inclusions, stainable with alcian blue, accumulate during 
swarm cell formation and are not found in short forms. At the same 
time inclusions were formed,small levels of glucose and large amounts 
of uronic acids accumulate within the cells, without the formation of 
other stored energy polymers. He also found that uronic acids and glucose 
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were depleted during swarm-cell migration. These findings agree with those 
of Williams and Schwarzoff (1978), who postulated that a stored energy 
source might be one explanation for periodicity in the swarming behavior. 
An increase in flagellation is another characteristic of swarm 
cell formation. Hoeniger (1965) studied flagella development during 
the swarming process. She reported that as short forms elongated, there 
was a corresponding increase in the number of flagella per cell. A 
typical swarm cell might have between 500 and 5000 flagella. In 
comparison, short cells usually have between 1 and 10 flagella per cell. 
Hoeniger (1965) also observed that the number of flagella per unit cell 
volume increased as did the average length of the flagella. The flagella 
appear to be structurally identical to those of the short cells. 
Swarm cell migration 
About 3 h after inoculation, a ring of growth can be seen 
forming on the edge of the young colony. Sustained observation of this 
ring with phase contrast microscopy indicates that much cellular 
activity is taking place. Long swarm cells are observed moving through 
what appears to be an extracellular covering. Many swarm cells move 
around the colony perimeter and some can be seen changing direction. 
About 30 min after the start of this peripheral activity, swarm 
cells begin to emerge from the colony individually or, more commonly, 
in groups or "rafts." These cells often migrate a short distance away 
from the colony and then circle back to the colony edge. As migration 
continues, rafts of swarm cells move further from the colony before 
backward or sideward movement is initiated. The cells move outward 
7 
away from the colony to a given distance at which point they stop moving 
outward. The end result of this migratory behavior is the formation of 
a concentric ring of growth around the parental colony. 
Microscopic observations (Fuscoe, 1973; VanderMolen and Williams, 
1977, Woroch, 1979) suggest that extracellular slime might be involved 
with the movement of rafts of swarm cells. Fuscoe (1973) was the first 
to report "slime trails" behind migrating swarm cells. Using light 
microscopy, he observed refractive trails behind migrating cells. In a 
study using scanning electron microscopy, VanderMolen and Williams (1977) 
observed rafts of swarm cells covered with slime and slime-covered agar 
behind migrating cells. They also suggested that extracellular slime 
might be required for swarming. Woroch (1979) confirmed their observa­
tions and showed that this slime could be observed in sectional material 
using transmission electron microscopy after staining with ruthenium red. 
This suggested that this extracellular slime might consist of an acidic 
polysaccharide (Luft, 1964). 
Staining slime for light microscopy has been very difficult (Woroch, 
1979) . Stains for capsules and slimes were relatively ineffective for 
staining 2- mirabilis slime. Alcian blue dye sometimes permitted 
detection of extracellular slime on impression mounts of swarm cells. 
However, this dye did not show slime present in large quantities, as 
did the work with scanning electron microscopy. 
Consolidation 
Consolidation is indicated by the cessation of swarm cell movement, 
the initiation of septum formation, and subsequent cell division producing 
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many short cells from one long filamentous swarm cell. These short 
cells grow and divide normally for about 2-3 h, then swarm cell 
morphogenesis is again initiated followed by migration. This process 
continues until the entire surface of the growth medium is covered with 
concentric rings of growth. Essentially nothing is known about the 
process that leads to consolidation (Williams and Schwarzhoff, 1978). 
It is assumed that it results from the alleviation of the conditions 
that lead to swarm cell formation. 
Terminology of Extracellular Polymers 
Most microbiologists are familiar with the terms slime, capsule, 
and sheath. Each of these terms describes an extracellular substance 
produced by a microorganism. Capsules and slimes are amorphous layers 
differentiated on the basis of cellular attachment, capsules being 
attached and slimes being unattached. A sheath is a closely fitting, 
contiguous structure which encloses a chain of cells (Romano, 1974). 
Within the past few years, the term glycocalyx and the phrase 
extracellular polymeric substances (EPS) have gained popularity and 
acceptance in identifying amorphous extracellular coverings. The term 
glycocalyx was introduced and is most frequently used by Costerton et 
al. (1978). He defined glycocalyx as "tangled fibers of polysaccharides 
or branching sugar molecules that extend from the bacterial surface and 
form a felt-like 'glycocalyx' surrounding an individual cell or colony 
of cells." This term has been rejected by other investigators (Bowles 
and Marsh, 1982; Geesey, 1982) who prefer the phrase extracellular 
polymeric substances (EPS). They state that the term glycocalyx was 
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previously adopted by plant and animal biologists (Bennet, 1963; Ito, 
1969) to describe the "extracellular sugary coating of plant and animal 
cells," and to use the term glycocalyx to describe a bacterial structure 
would add confusion to an area where semantics is already a problem. 
Geesey (1982) advocated using EPS as a general term for bacterial 
coverings. He defined EPS as "a network of fibers elaborated by and 
encapsulating a consortium of microbial species." He failed to include 
any term that might identify the chemical composition of the material. 
Chemical Nature of the Bacterial Glycocalyx 
The bacterial glycocalyx is often a highly hydrated polymeric 
matrix, composed of 99% water (Sutherland, 1972), Data from electron 
microscopic studies suggest that many bacteria in nature are surrounded 
by a thick, continuous, highly-ordered hydrated polyanionic poly­
saccharide matrix. 
Costerton et al. (1981) divide glycocalyces into two types, S-layers 
and capsules. S-layers are composed of a regular array of glycoprotein 
subunits at the cell surface. Capsules are composed of a fibrous matrix 
at the cell surface that may vary in thickness. Sutherland (1977) 
states that capsules may be composed either of simple homopolymers or 
very complex heteropolymers of a wide variety of monosaccharides such 
as neutral hexoses, 6-deoxyhexoses, polyols, uronic acids, and amino 
sugars. Most bacterial exopolysaccharides are produced at the level 
of the cytoplasmic membrane and involve nucleotide-sugar precursors and 
polyprenol carrier lipids (Sutherland, 1977). Exopolysaccharide 
formation is generally favored by a high C;N ratio. Ion concentrations 
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have been shown to affect capsule production and physical conditions 
have been shown to influence the amounts and chemical composition of 
the exopolysaccharide produced (Fletcher and Floodgate, 1973). 
Visualizing the Bacterial Glycocalyx 
The polysaccharide component of the bacterial glycocalyx usually 
constitutes a polyanion that stains well with ruthenium red (Luft, 1971; 
Springer and Roth, 1973). This stain does not stabilize the exopoly­
saccharide matrix against condensation during dehydration, and coarse 
electron-dense fibers are formed that condense down onto the bacterial 
surface (Costerton et al., 1981). Condensation does not occur in cases 
where the glycocalyx contains sufficient protein to resist condensation 
(Buckmire and Murray, 1973; Costerton et al., 1974; McCowan et al., 
1979), or when attachment to multiple surfaces anchors the fibers and 
maintains their configuration (Costerton et al., 1981). Crosslinking 
of the exopolysaccharide by divalent agents such as lectin (Birdsell 
et al., 1975) and specific antibodies (Bayer and Thurow, 1977; Lam et 
al., 1980; Mackie et al., 1979) stabilizes the fine fibrillar structure 
of the bacterial glycocalyx so that the highly organized substructure 
and the remarkable extent of this surface component can be seen. 
Condensation of the glycocalyx occurs during dehydration in preparation 
for transmission electron microscopy and scanning electron microscopy. 
Functions of the Bacterial Glycocalyx 
The bacterial glycocalyx plays many important ecological roles. 
Geesey (1982) recently presented a brief, concise summary of known and 
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proposed functions of the glycocalyx in nature. Direct observations 
of bacteria growing in natural ecosystems, from soil (Bae et al., 1972) 
to the bovine rumen (McCowan et al., 1978), have shown that these cells 
are always surrounded by some form of glycocalyx and they often grow 
in glycocalyx-enclosed microcolonies adhered to surfaces (Costerton 
et al., 1981). 
Microcolonies are found on surfaces in aquatic habitats using 
glycocalyces to mediate cellular attachment. In aquatic habitats, 
attractive and repulsive forces exist that reversibly maintain cells 
in close proximity to, but not in direct contact with, submerged 
surfaces. Contact between objects is opposed by an energy barrier 
defined by these forces. The extension of threadlike polysaccharide 
fibers between a cell and a surface appears to be one of the most common 
means of bridging the energy barrier for a more permanent (irreversible) 
attachment (Daniels, 1980). A prerequisite for this type of cellular 
adhesion to inert surfaces is the presence of an organic film on the 
surface of the solid; such a layer develops spontaneously and is composed 
primarily of proteinaceous material from the liquid phase (Baier, 1972). 
Once adhered to the surface, the bacterium surrounds itself with addi­
tional glycocalyx material and replicates within this matrix (Costerton 
et al., 1981). 
Polymer bridging between different microbial species is also 
observed in aquatic habitats. Paerl (1976) first suggested that the 
attachment of heterotrophic bacteria to heterocysts of certain 
cyanobacteria was due to specific interactions between the glycocalyx 
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on the cell surfaces. More recently, however, Paerl (1980) has shown 
that cyanobacteria excrete waste products at the site of heterotrophic 
bacteria attachment. These heterotrophic bacteria show positive 
chemotaxis toward organic compounds reported as excretory products of 
cyanobacteria. He concluded that chemotaxis is involved with mediating 
cellular orientation. Whether or not the liberation of glycocalyx is 
necessary for cell to cell attachment is uncertain. Attachment may be 
mediated by cellular organelles or an electrostatic interaction between 
cells. 
Glycocalyx also functions in conditioning the environment around 
the cell. The fibrillar network reduces the diffusion of certain 
substances to and from the cell (Geesey, 1982). This network also 
provides a suitable matrix for effective operation of extracellular 
enzymes (Tonn and Gander, 1979). Glycocalyx, because of its highly 
hydrated characteristics, may also function to prevent desiccation 
during periods of limited moisture. 
Glycocalyx also interacts with ions, including those of trace 
++ + 
metals, and capsules may participate in cation (Ca or Na ) partitioning 
in solute transport mechanisms in microorganisms (Geesey, 1982). Ridgway 
et al. (1981), using X-ray energy-dispensive microanalysis, found that 
glycocalyx of certain iron bacteria sequester ferrous (Fe^) ions needed 
for cellular metabolism. They did not show ion transport from glycocalyx 
to cell during iron-limiting conditions, and it is unclear whether or 
not glycocalyx acts as an ion reserve for cellular metabolism or whether 
glycocalyx simply acts to remove and concentrate iron from water. 
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Glycocalyx might play an important role in specific adhesion of 
bacteria to plant and animal surfaces. Dazzo et al. (1978) have shown 
that the lectin (trifoliin) that mediates the very specific adhesion of 
Rhizobium trifolii to clover root hairs binds to the glycocalyx of 
these bacteria. They also demonstrated that surfaces of infected 
encapsulated R. trifolii and clover epidermal cells contain an 
immunochemically unique polysaccharide that is antigenically cross-
reactive. Electron microscopic observations (Dazzo and Hubbell, 1975) 
support their immunochemical evidence. Based on this work, Dazzo (1980) 
presents a very convincing argument for the involvement of glycocalyx 
in mediating specific attachment of R. trifolii to clover root hairs. 
Additional studies on the nature of the carbohydrate receptor for the 
lectin need to be performed. 
Many pathogenic bacteria depend on their exocellular glycocalyx 
to provide a means for attachment to target tissues. Pathogenic 
bacteria associated with intestinal mucosal surfaces (Vibrio cholerae, 
Escherichia coli. Salmonella, Shigella) colonize intestinal surfaces 
while adhering to the glycocalyx of the microvillus border of the 
epithelial cells (Savage, 1980). Colonization may be mediated by 
adherence of macromolecules on the bacterial surface (glycocalyx 
components) to specific receptors in the microvillus glycocalyx (Savage, 
1980). 
The involvement of pili and other bacterial structures in bacterial 
attachment should be noted. Pili are important for mediating the attach­
ment of Neisseria to tissues. It is likely then that other pathogenic 
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microorganisms may require extracellular structures and glycocalyx to 
attach to living surfaces. Much evidence suggests that V. cholerae 
must be motile to associate with the intestinal surfaces. The 
mechanism of V. cholerae attachment is unknown, but if motility is 
necessary, chemotaxis might be one plausible explanation. 
The production of extracellular slime is characteristic of all 
gliding bacteria (Burchard, 1981). This extracellular material may 
appear as randomly arranged fibrils (Reichenbach and Golecki, 1975; 
Strohl, 1979) or as an encompassing, fibrillar sheath (Halfen and 
Castenholz, 1971; Lamont, 1969). On an agar surface, this extracellular 
slime can be observed as a collapsed sheath left behind gliding 
oscillatorian cyanobacteria (Dodd, 1960), or as trails, easily visible 
by phase-contrast microscopy, on substrata of appropriate refractive 
index such as 2-3% agar gels (Burchard, 1980). On microscope slides, 
slime tracks may be visualized by negative staining (Fluegel, 1963; 
Reichenbach, 1965). 
The function of extracellular slime in the motility of gliding 
bacteria is presently unclear. Burchard (1982) has suggested that slime 
trails serve as preferential paths for cell migration. Directed and 
active slime secretion has been proposed to provide the propulsive 
force for gliding (Doetsch and Hageage, 1968; Weibull, 1960). If 
directed slime secretion is itself the motive force for gliding motility, 
slime secretion would require envelope pores or channels through which 
the slime might be extruded in a polymeric or fibrillar form (Burchard, 
1981). Pores have been observed in cyanobacteria (Halfen and Castenholz, 
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1971); however, slime fibrils were not observed in association with 
these pores. Pores have also been reported in Cytophaga (Strohl, 1979) 
and Myxococcus (MacRae et al., 1977). It has been suggested that the 
goblet cells of Flexibacter polymorphous may be highly structured pores 
for slime release (Ridgway et al., 1975). 
The evidence supporting the argument that slime extrusion is the 
motive force for gliding motility is incomplete and inconclusive. Pores 
have not been observed in all gliding bacteria (Burchard, 1981). The 
pores that have been observed lack any orientation suggestive of uni­
directional slime production and no evidence exists for a gradient of 
or directional slime secretion by gliding cells (Burchard, 1981). 
It has been suggested that slime may mediate adsorption (attachment) 
of the gliding cell to the substrate (Marshall and Cruikshank, 1973). 
Humphrey et al. (1979) concluded that slime from an isolated Flexibacter 
strain is a linear colloid with properties of a temporary adhesive. 
This viscous slime would serve to hold the cell against its substratum 
but permit translocational movement on that substratum. It has also 
been suggested that slime serves as a lubricant that facilitates or is 
required for movement on a surface (Costerton et al., 1981; Dodd, 1960). 
Much evidence associating glycocalyx, EPS, or slime with attachment 
of bacteria to surfaces comes from observations made by using electron 
microscopy. It should be understood that conclusions regarding functions 
or properties of extracellular material cannot and should not be based 
solely on microscopic observations. Several different experimental 
approaches are usually necessary to prove such a hypothesis. 
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MATERIALS AND METHODS 
Organisms 
A wildtype Proteus mirabilis strain, designated IM 47, was used 
throughout this study. This organism was obtained from the culture 
collection of the Department of Microbiology, Iowa State University, 
Ames, Iowa. Several nonswarming mutants of ]P. mirabilis were also used. 
Nonswarming mutants 73 NS and 77 NS were obtained from C. D. Jeffries 
(Wayne State University, Detroit, Michigan). Nonswarming mutants ML 
and 91 NR were obtained from W. M. Bain (University of Maine, Orono, 
Maine). Nonswarming mutants NSW 106, NSW 108, NSW 110, NSW 114, and 
NSW 112-SL were obtained from the culture collection of F. D. Williams 
(Iowa State University, Ames, Iowa). Selected characteristics of these 
nonswarming mutants have been reported by Williams et al. (1976). 
Stock cultures of these organisms were maintained by using the 
procedure described by Chance (1963). Isolated colonies from plates of 
trypticase soy broth plus 1.5% agar were transferred to slants of the 
same medium and incubated at 35 C for 18 h. Sterile 0.85% NaCl was 
used to wash the cells off the slants, and this cell suspension was 
transferred to sterile test tubes and maintained at 10 C. New stock 
cultures were prepared every six months. 
Culture Media 
Trypticase soy broth (TSB, BEL) plus 1.5% agar (Difco) was used as 
a general growth medium. Trypticase soy agar plus yeast extract (TSAYE) 
consisted of TSB plus 0.5% yeast extract (Difco) and 1.5% agar. 
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Tryptose agar (TA) contained 2% tryptose (Dlfco), 0.5% NaCl, and 1.5% 
agar. 
Silica gel medium was made with sodium silicate metacrystals 
(Fisher Scientific Co., Fairfield, N.J.), calcium oxide (Mallinckrodt 
Chemical Works, St. Louis), hydrochloric acid (Fisher Scientific Co., 
Fairfield, N.J.), and a 4x nutrient solution. The nutrient solution 
contained (per liter); 20 g bacto-peptone (Dlfco); 12 g beef extract 
(Dlfco); 20 g NaCl; 12 g yeast extract (Dlfco); and 12 g dextrose. 
Calcium oxide (CaO) was used to make a limewater solution by placing 
10 g CaO into 1 liter of distilled water. After 12-18 h, this solution 
was filtered by using Whatman No. 1 filter paper. A 28.4% (wt./vol.) 
solution of sodium silicate was made in delonlzed distilled water. 
Preparation of Silica Gel Plates 
Many methods are available for the preparation of silica gel plates 
(Dietz and Yayanos, 1978; Roslycky, 1972, Sterges, 1942). The method 
used in this study was developed based on the work of Bazylinski and 
Rosenberg (1980). In a glass petri dish, 10 ml of limewater were 
added to 10 ml of a 28.4% sodium silicate solution. It was Important 
that a recently purchased supply of sodium silicate was used; when a 
supply of sodium silicate several years old was used. Inconsistent 
gelling resulted. These solutions were mixed in the glass petri dish 
by placing the dish on a magnetic stir plate and adding a small magnetic 
stir bar to the dish. After a brief (1 mln) mixing period, 10 ml of the 
4x nutrient solution was added and mixing was continued for several 
minutes. About 12.5 ml of 1.75 N HCl was then added and the mixture 
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was stirred for about 1 min. The stir bar was then removed and the 
resulting mixture was allowed to harden. Complete hardening usually 
took 3-4 min. Occasionally, bromthymol blue was added to the medium as 
a pH indicator; bromthymol blue was added to the limewater at a concentra­
tion of 0.05 g per liter. When silica gel plates were prepared by using 
bromthymol blue, plates appeared dark green, indicative of a pH of 
approximately 7.0. The silica gel plates always contained a small 
amount of precipitate which appeared to form when the pH approached 
neutrality. This precipitate did not appear to affect hardening of the 
plates or inhibit growth of 2- mirabilis. 
Modifications of the method of preparation of silica gel were tried 
to encourage a swarming response. Prepared silica gel plates were placed 
at 100 C for 15, 30, 60, and 120 min to dry the plates. Another modifica­
tion was the addition of detergents to the silica gel plates to lower 
the surface tension of the plate surface. Either Tween 80 (polyoxyethylene 
20 sorbitan monooleate. Fisher Scientific Company, Fairlawn, N.J.) or 
Triton x-100 (octyl phenoxy polyethoxyethanol, Sigma Chemical Company, 
St. Louis, Missouri) was added to the sodium silicate solution to yield 
a final detergent concentration of 100, 400, or 1000 /ig/ml in the silica 
gel plate. The detergents were also topically applied to some silica 
gel plates by placing 0.1 ml of either 1% Tween 80 or 1% Triton x-100 
on the plate surface. A 12 to 24 h period was usually required for the 
liquid to be absorbed into the plate. 
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Membrane Filter Pretreatments 
Membrane filters were used in several experiments to observe the 
swarming phenomenon and as part of a biological assay. 
Polycarbonate membrane filters (0.2/«.m pore size) were purchased 
from Nuclepore Corporation, Pleasanton, California. These filters are 
coated with polyvinylpyrrolidone (PVP) during the manufacturing process. 
The PVP coating renders the filters hydrophilic and facilitates the use 
of the filters in filtering water (personal communication, Victor Inman, 
Nuclepore Corporation). 
When filters containing PVP were placed on a TSA plate and inoculated 
with a loopful of a log phase broth culture of 2» mirabilis IM 47, a 
colony developed, but swarming did not occur. Soaking filters either 
in 0.85% NaCl or 1% tween 80 for at least one week, followed by a 
thorough rinsing in distilled water, appeared to remove or alter the 
PVP coating, because when these soaked filters were placed on a TSB + 
agar plate and inoculated with 2- mirabilis IM 47, swarming began about 
4 h after inoculation. Subsequent use of polycarbonate filters was 
always preceded by the soaking treatment in 1% tween 80 followed by 
rinsing in distilled water. 
Polycarbonate filters not containing the PVP coating, hereafter 
referred to as PVP-free filters, were purchased from Nuclepore Corpora­
tion at about twice the purchase price of the conventional filters 
containing the PVP coating. These PVP-free filters were identical in 
appearance to the PVP filters. PVP-free filters are unable to filter 
water, and this characteristic was used to confirm that the PVP was 
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absent. Filters free of PVP could be used without the soaking treatment 
to demonstrate swarming. However, usually these filters were soaked 
in distilled water to make them less rigid and easier to handle and to 
decrease the large amount of static electricity often present with 
polycarbonate filters. 
Cellulose nitrate filters (0.22 /im pore size) were purchased from 
Millipore Corporation, Bedford, Massachusetts. Cellulose nitrate filters 
needed no pretreatment and were used directly from their package. 
2. mirabilis was centrally inoculated onto all filters and incubated 
in a humidified incubator at 35 C. 
Observation of Swarming on Membrane Filters 
Both types of filters were placed either on TSB + agar, as described 
earlier, or on a prefilter pad (Millipore Corporation, Bedford, Massachu­
setts) saturated with TSB. Filters were inoculated and incubated as 
previously described. 
Filters on prefilter pads were transferred to agar plates for ease 
of handling during fixation. Cells on membrane filters were fixed by 
removing the lid from the petri dish and inverting the dish over a glass 
culture dish containing about 5 ml of 50% gluteraldehyde. The cells were 
fixed by the gluteraldehyde vapors for 5-12 h in a fume hood. 
For the observation of cells with scanning electron microscopy, 
the cells were fixed with gluteraldehyde vapors, as previously described. 
Dehydration was accomplished by transferring the filter to successive 
prefilter pads containing increasing concentrations of ethanol (25%, 
50%, 70%, 95%, 100%, 100%, 100%), followed by passage through a series 
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of 100% ethanolrFreon TF solutions (3:1, 1:1, 1:3), with 60 min in each 
solution. The specimens were then critical point dried using carbon 
dioxide as the transitional fluid. Specimens were mounted on specimen 
stubs and coated with platinum-palladium and were examined using a JEOL 
JSM-35 scanning electron microscope operating at 20 kilovolts. 
For light microscopy, cells on polycarbonate filters were stained 
with crystal violet, methylene blue, acridine orange, or safranin for 
1 min. Following staining, filters were rinsed by immersing them 
in distilled water until no more stain could be removed. Filters were 
then air-dried and mounted on a glass slide with a 1:1 mixture of 
Permount mounting medium (Fisher Scientific Company, Fairfield, New 
Jersey) and xylene, and a cover slip. Cells could be viewed immediately 
or after an overnight period of drying to solidify the mounting medium. 
For observing cells on cellulose nitrate filters, the procedure of 
Ecker and Lockhart (1959) was used. Immersion oil was needed to clear 
the filters before mounting. 
Visualizing Slime by Using the Impression Mount Technique 
Impression mounts were prepared by using the method described by 
Woroch (1979). Impression mounts were stained with alcian blue and 
carbol fuchsin or toluidine blue 0. 
Slime was fixed onto glass slides by the following method. A solu­
tion of 0.025 M sodium borate in concentrated sulfuric acid was heated 
in a boiling water bath and several drops were added to the impression 
mount. After approximately 5 min, the slide was gently immersed in 
distilled water several times and allowed to air-dry. This fixation 
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method sometimes removed cells and slime from the slide, so several 
slides were often prepared. Fixed slime was observed by phase contrast 
microscopy. 
Biological Assay 
A biological assay was developed to demonstrate biological activity 
of 2" mirabilis IM 47 extracellular slime. In this study, biological 
activity is defined as the ability to promote swarming motility in a non-
swarming mutant of 2- mirabilis. The mutant carried the designation 91 NR. 
Williams et al. (1976) found that washed swarm cells of 2- mirabilis 
would not migrate on a nonnutrient medium (water-agar) unless the medium 
was supplemented with a surfactant. A subsequent study (Woroch, 1979) 
showed that when 0.1 ml of 2» mirabilis IM 47 "slime" was added to a 
water-agar plate, it also promoted migration of washed swarm cells. 
Therefore, it appeared that 2« mirabilis IM 47 extracellular slime 
possessed a surfactant-like property, perhaps promoting the migration 
of washed swarm cells by lowering the surface tension of the substrate. 
The belief that slime promoted swarming by lowering the surface 
tension of the substrate was used to develop a biological assay for 
slime. Tween 80 was used to develop the biological assay, because slime 
was not readily available and because tween 80 promoted swarm cell 
migration when applied topically or when incorporated into water-agar 
plates (Woroch, 1979). 
It was hoped that when tween 80 was incorporated into the culture 
medium, and the medium inoculated with nonswarming mutants of 2* mirabilis, 
these mutants could be induced to swarm. If this could be consistently 
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demonstrated, then preparations of extracellular slime would then be 
tested for their ability to promote swarming. 
Topical application (0.1 or 0.2 ml per plate) of a 1% concentration 
of tween 80 and incorporation of tween 80 (concentrations of 100 /ig/ml 
or 500 /(g/ml) into the agar medium were tried. Nutrient agar, TSB + 
agar, and TA were used as media. The following nonswarming mutants 
were tested; 73 NS, 77 NS, ML, 91 NR, NSW 106, NSW 108, NSW 110, NSW 114, 
and NSW 112-SL. The nonswarming mutant 91 NR appeared to show the most 
consistent positive swarming behavior of all the nonswarming mutants 
when the surfactant was topically applied to TSB + agar. However, it 
was thought that this positive swarming response might be due to the 
additional moisture available on the agar surface, and not the surface 
tension property of the surfactant. To test this, 0.2 ml of distilled 
water and 0.2 ml of a 1% tween 80 solution was topically applied to 
different TSB + agar plates. These plates were inoculated with non­
swarming mutant mirabilis 91 NR and incubated at 35 C in a humidified 
incubator for 24 h. This experiment demonstrated that the positive 
swarming response was in fact due to the presence of additional moisture 
on the agar surface. 
An alternate approach to a bioassay based on the previous observa­
tion that 2» mirabilis IM 47 would swarm on polycarbonate membrane 
filters was subsequently used. It was thought that if these membranes 
were treated with a surfactant and placed on an agar surface, perhaps 
a nonswarming mutant would swarm across the filter in response to the 
surfactant. 
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For this assay, polycarbonate filters were purchased in 8-inch x 
10-inch sheets and were cut into 1-inch squares. The filter squares 
were soaked as previously described and were thoroughly rinsed in distilled 
water to remove the detergent. The filters were then autoclaved in 
glass petri dishes (20-30 filter squares per dish) that contained about 
20 ml of distilled water. Water was removed from the filter squares by 
transferring the sterile filters, using flame-sterilized forceps, to a 
sterile paper towel and blotting the water from the filters. The 
filter squares were then transferred to a sterile petri dish containing 
the material to be tested. Both sides of the filter square were coated 
with the test material and the treated filter square was transferred to 
a TSB + agar plate. These plates were allowed to stand for between 
2-4 h to allow all the liquid on the filter to be absorbed into the 
agar. Then the filters were centrally inoculated with a loopful of a 
saline suspension of JP. mirabilis 91 NR and incubated in a humidified 
incubator at 35 C. 
After a 24-h incubation period, the filters were examined for 
concentric growth rings around the colony, indicative of a swarming 
response. When a biological assay was performed, positive and negative 
controls were always included. Sterile 1% tween 80 was used to coat 
the filters for a positive control, and sterile distilled water was 
used for a negative control. 
Polycarbonate filters containing PVP that were soaked to remove 
or alter the PVP coating were used for the first part of this study. 
When it was discovered that filters purchased without the PVP coating 
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produced superior results in the assay (fewer false positives when 
distilled water was tested), subsequent assays employed these PVP-free 
filters. 
It should be noted that Nuclepore polycarbonate filters had two ^ 
sides which differed in appearance. One side was shiny and reflected 
light and the other side had a dull, matte finish. In the biological 
assay, both sides gave similar results. 
Chemical Assays 
Proteins were estimated by using the method of Lowry et al. (1951). 
Carbohydrates were estimated using the anthrone reaction following the 
method given by Hanson and Phillips (1981) with one modification. 
The method states that after the addition of the anthrone reagent to 
the reaction tubes, the reaction tubes should be placed in a boiling 
water bath for 10 min and then transferred to an ice bath.. It was 
found that after being placed in the ice bath, a cloudy precipitate 
formed in the tubes, making color measurement impossible. For this 
reason, the tubes were not placed in the ice bath, but the color was 
measured immediately after they were removed from the boiling water bath. 
Uronic acids were measured by the carbazole reaction by using the 
method of Bitter and Muir (1962). 
Slime Isolation 
Twelve Pyrex baking dishes (13V x 8-3/4" x 1-3/4", 2 quart size), 
each containing 800 ml of TSB + agar, were used to grow 2» mirabilis 
IM 47. These agar-filled dishes provided a large amount of surface 
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area over which the bacterium could swarm and produce extracellular 
slime. Brown Kraft paper was used to cover the dishes, and masking 
tape was used to hold the covers in place. 
The baking dishes were sterilized in an autoclave prior to use. 
After the addition of sterile and cool TSB + agar, the medium was allowed 
to harden and the dishes were immediately inoculated. A sterile cotton 
swab saturated with an overnight culture of P^. mirabilis IM 47 was used 
to make several longitudinal inoculation lines on the agar surface. The 
inoculated plates were placed in a high humidity incubator for 18 to 24 h 
at 35 C. It should be noted that overnight drying of the agar, always 
done with agar in petri plates, was never done with agar in baking dishes. 
The paper used to cover the baking dishes allowed moisture to escape 
rapidly from the agar, and water droplets were never observed on the 
agar surface after hardening. In fact, excessive moisture loss occurred 
when inoculated dishes were not incubated in a high humidity atmosphere. 
Following incubation, cells and slime were removed from the agar surface 
with a rubber scraper (a windshield wiper blade or insert worked well), 
and the slime was isolated by using either a direct centrifugation method 
or a wash method. 
In the direct centrifugation method, cells and slime were removed 
from the agar surface and were packed into polyallomer ultracentrifuge 
tubes (3-3/4" x 9/16"). Often low speed centrifugation (1000 x g) was 
needed to pack the cells and slime to the bottom of the tube. Usually, 
the swarming growth from two baking dishes would nearly fill one ultra-
centrifuge tube. The cell-slime mixture was centrifuged for 3 h at 
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100,000 X g using a Beckman Model L-2-65B ultracentrifuge. After 
centrifugation, slime appeared as a viscous yellow layer above the 
pelleted cells. Usually, 2 ml of slime could be recovered from each 
ultracentrifuge tube. Slime was collected from each tube, placed into 
a 20 ml syringe, and sterilized by passage through a disposable syringe 
filter (Acrodisc, 0.2 /<jn pore size, Gelman Sciences, Inc., Ann Arbor, 
Michigan). Slime isolated by this method is hereafter called "crude 
slime." 
In the wash method, cells and slime from 12 baking dishes was 
placed into a sterile 250-ml beaker containing about 50 ml of sterile 
distilled water and a sterile magnetic stirring bar. This mixture was 
gently stirred for at least 10 min. Most of the cells were removed from 
this mixture by centrifugation at 35,000 x g for 1 h. The supernatant 
was further clarified by ultracentrifugation in the same manner as 
described for the direct centrifugation method. About 40 ml of slime 
usually was recovered and this was sterilized by passage through a 
syringe filter. Slime prepared in either way was tested for biological 
activity immediately after isolation. 
Slime Purification Methods 
I believed that slime polysaccharides produced by P. mirabilis 
IM 47 could be partially purified with methods conventionally used for 
isolating and purifying bacterial polysaccharides. Polysaccharides are 
often isolated by precipitation with cold nonpolar solvents, such 
as ethanol or acetone. If desired, the precipitated polysaccharides 
can then be treated in a variety of ways to remove proteins, nucleic 
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acids, or other undesirable fractions. Precipitation with cold acetone 
was tried by using the following method. Isolated slime from the direct 
centrifugation method was cooled in an ice bath and 100 ml of cold 
(-35 C) acetone was added. This method yielded no precipitate. To 
promote precipitation, a slime sample was concentrated approximately 
ten-fold. About 12 ml of slime was lyophilized, and the dried slime 
was suspended in 1.0-2.0 ml of distilled water. Concentrated slime was 
cooled in an ice bath and 100 ml of cold acetone was added. A flocculant 
precipitate appeared. The precipitate was centrifuged into a pellet 
and the supernatant was gently decanted. The pellet was immediately 
dissolved in about 10 ml of distilled water and lyophilized to remove 
any remaining acetone. The lyophilized product was resuspended in 12 ml 
of distilled water and was assayed for biological activity. Biological 
activity could not be consistently demonstrated with this material; 
activity appeared to be present when polycarbonate filters with PVP 
were used in the assay, but no activity was detected when PVP-free 
filters were used in the biological assay. Since PVP-free filters 
were the filters of choice in the biological assay, this method was 
not used for later work and an alternate purification procedure was 
developed. 
Isolated slime was treated with protease (Sigma Chemical Company 
catalog no. P-5147, St. Louis, Missouri) to degrade proteins. Approx­
imately 55 mg of protease was added to 10 ml (550 mg dry weight), of 
slime, and this mixture was allowed to incubate at 37 C for 18 h. After 
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incubation, slime was dialyzed against distilled water at 4 C for 18 h 
to remove low molecular weight components. 
Further purification of slime polysaccharides was attempted by 
using ion exchange chromatography. An ion exchange column measuring 
10 cm X 1 cm was prepared from diethylaminoethyl (DEAE) cellulose 
(Cellex-D, Bio-Rad Laboratories, Richmond, California). Fofteen grams 
of cellulose powder was suspended in 500 ml of 0.25 M NaOH and allowed 
to swell for 30 min. The swollen cellulose was rinsed with deionized 
distilled water, suspended in 500 ml of 0.25 M HCl and allowed to 
stand for 10 min. The material was rinsed with deionized distilled 
water and washed again with 0.25 M NaOH. It was then rinsed with 
deionized distilled water and equilibrated in 0.01 M phosphate buffer 
at a pH of 7.2. The column flow rate was approximately 10 ml per hour. 
A volume of 1.5-2.0 ml of slime was added to the column; about 30 ml 
of buffer was then allowed to run through the column to remove any 
uncharged material. Increasing concentrations of NaCl (0.25-3.00 M in 
0.25 M increments) were used to elute the slime polysaccharides. 
Fractions were tested for uronic acids. All fractions containing uronic 
acids were pooled and dialyzed against distilled water to remove the 
NaCl. After dialysis, biological activity was examined. 
The experimentally determined protocol for the isolation and 
purification of mirabilis IM 47 slime is given in Figure 1. 
Hydrolysis of carbohydrates was performed by using concentrated 
trifluoroacetic acid (TFA). Approximately 1 mg of lyophilized slime 
(obtained from ion exchange chromatography) was combined with 0.1 ml 
Figure 1. Experimental protocol for the isolation and purification 
of P. mirabilis extracellular slime 
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of TFA in a glass hydrolysis tube. The slime-acid mixture was frozen 
and the tube was evacuated (to prevent the formation of oxidation 
products), then sealed by using an oxygen flame. Hydrolysis was performed 
at 120 C for 12 h. After hydrolysis, the tube was opened and the acid 
removed by evaporation. The hydrolysis products were suspended in 
distilled water and identified by using thin layer chromatography. 
Whatman K-5 silica gel plates (Whatman, Clifton, New Jersey) were 
used for thin layer chromatography with a solvent system consisting of 
butanol, pyridine, and water (6:4:3). Uronic acids were visualized by 
using 2% naphthoresorcinol in a solution of 20% concentrated sulfuric 
acid in methanol. Plates were sprayed, dried, and placed in a 120 C 
oven for 10 min. Several standards were run simultaneously with the 
slime. Glucose, galactose, mannose, glucuronic acid, galacturonic 
acid, and mannuronic acid or mannuronic acid lactone were used at a 
concentration of 10 mg/ml. Mannuronic acid (unavailable from commercial 
sources) was prepared from mannuronic acid lactone by making an aqueous 
solution of mannuronic acid lactone and adjusting the pH to 8.0 with 
sodium hydroxide. Approximately 0.5/il of each standard was spotted 
on the plates and chromatographed as described above. 
Slime was examined for amino acid content by using acid hydrolysis 
and thin layer chromatography. Hydrolysis was performed with 6N HCl at 
110 C for 18 h in a sealed, evacuated tube. TLC was performed with the 
solvent system described above; ninhydrin was used as the visualization 
agent. 
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Culture Medium Control Experiment 
A control experiment was designed to determine if the biological 
activity or the composition of the isolated slime might be derived from 
nutrients or components in the agar medium. Each of 12 Pyrex baking 
dishes were filled with 800 ml of TSB + agar. Immediately after the 
agar hardened, approximately 1 g of silica gel powder (Sigma Chemical 
Company, St. Louis, Missouri) was sprinkled onto the agar surface of 
each dish. The silica gel was allowed to absorb liquid from the medium 
for about 1 h. After that time, the silica gel was scraped off of the 
surface and processed in the same way that the swarming growth of 
2. mirabilis IM 47 was processed. The supernatant obtained after 
ultracentrifugation was assayed for biological activity, anthrone 
positive carbohydrates, uronic acids, and protein content. 
Surface Tension Measurements 
Surface tension was measured by using a du Nuoy tensiometer (du 
Nuoy, 1919). The tensiometer is a simple balance on which is hung a 
platinum-iridium ring. Surface tension is measured by gently resting 
the ring on the surface of a liquid and measuring how much torsion is 
required to remove the ring from the liquid surface. Surface tension 
was measured as dynes per centimeter. 
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RESULTS 
Staining Slime for Light Microscopy 
A 1% alcian blue solution has been used with limited success to 
stain slime associated with swarm cells (Woroch, 1979). When 1% 
alcian blue and carbol fuchsin were tried, the amount of slime observed 
varied considerably. Sometimes much slime was detected adjacent to a 
colony, shortly before swarming began (Figure 2). This slime had a 
"layered" appearance and an irregular folding pattern was observed at 
the outer edge of the slime (Figure 3). However, more frequently, 
slime was only observed surrounding groups of migrating swarm cells 
(Figure 4). Slime always appeared purple and sometimes bundles of 
flagella were observed in the slime. Regularly spaced intracellular 
inclusions were often seen in long swarm cells (Figure 3, Figure 4). 
Toluidine blue 0 (TBO), a metachromatic stain commonly used to 
stain mucin, stained slime light blue and stained cells pink-purple 
(Figure 5). This stain always detected large amounts of slime surround­
ing cells. When identically prepared impression mounts stained with 
alcian blue or TBO were compared, TBO always gave superior results. 
More slime was stained with TBO than with alcian blue. 
Visualizing Slime by Using Acid Borate 
The hot sulfuric acid-sodium borate fixation procedure revealed 
many slime paths emanating from the colony. Under low magnification 
(400x), it was observed (Figure 6) that most slime paths were connected 
to one another and appeared randomly distributed. At 400x and lOOOx 
Figure 2. Light micrograph of an impression mount of a _P. mirabilis colony approximately 
15 min before swarming. Alcian blue and carbol fuchsin were used to stain the 
cells and slime. Note the layered pattern of the slime adjacent to the colony. 
Bar represents 2 mm 
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Figure 3. Light micrograph of an impression mount of a JP. mirabilis colony approximately 15 
min before swarming. Alcian blue and carbol fuchsin were used to stain the cells 
and slime. Note the layered and folded appearance of the slime and the stained 
intracellular inclusions of the swarm cells. Bar represents 10 jum 

Figure 4. Light micrograph of an impression mount of IP. mirabilis swarm cells stained with 
alcian blue and carbol fuchsin. Note the slime surrounding the swarm cells and 
the stained intracellular inclusions. Bar represents 10 /im 
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Figure 5. Light micrograph of an impression mount of a ]P. mirabilis colony approximately 15 
min before swarming. Toluidine blue was used to stain the cells and slime. Note 
the slime stained blue and the cells stained pink-purple. Bar represents 10 ;am 

Figure 6. Phase contrast micrographs of swarming ]P. mirabilis 
IN 47. Cells and slime were transferred to a glass 
slide via the impression mount technique and fixed by 
using hot sulfuric acid-sodium borate. 
A. Slime paths (S) are shown. Bar represents 20 /am. 
B. A raft (R) of swarm cells and slime (S) were observed 
when the specimen preparation removed a portion of 
the slime covering. Bar represents 5 /im 
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magnifications, swarm cells often could not be distinguished beneath 
the slime. However, the impression mount and fixation technique 
sometimes removed a portion of the slime. When this occurred, many 
rafts of swarm cells were often observed (Figure 6B) and were always 
surrounded by slime. 
At the migration front, several millimeters away from the colony, 
many swarm cells could be distinguished beneath a thin layer of slime. 
Observations made near the colony and at the migration front indicated 
that slime was more profuse in the area immediately surrounding the 
colony. 
Swarming on Membranes 
Swarming on polycarbonate membrane filters was first observed as 
a highly refractile ring of growth immediately surrounding the edge of 
the colony. This growth ring slowly lost its refractile character­
istic as swarming became more profuse. Concentric growth rings 
developed as the filter became covered with swarming growth. Swarming 
was observed 3 h after inoculation when the filter was placed on a 
prefilter pad saturated with TSB. When the filter was placed on a 
I TSB + agar plate, swarming was observed 4 h after inoculation. 
Slime was never observed around swarm cells on polycarbonate 
filters following alcian blue or TBO staining for light microscopy. 
Polycarbonate filters placed on the meniscus of TSB supported 
swarming. Typical swarm cell migration was observed. Polycarbonate 
filters placed on the surface of a silica gel plate also supported 
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swarming. Swarming ceased when swarm cells reached the edge of the 
filter and contacted the silica gel surface. 
Swarm cells on polycarbonate membranes were stained with acridine 
orange and viewed by using a fluorescence microscope. Cells first 
appeared bright orange, but after about 5 min of viewing, the orange 
color became less bright and many regularly spaced yellow areas were 
seen inside of the cells (Figure 7). The number of these yellow areas 
in each cell appeared to be dependent on the cell length. A small 
swarm cell contained two yellow areas and a very long swarm cell con­
tained 22 yellow areas. 
Scanning electron microscopy was also used to visualize swarming 
on polycarbonate membranes. Normal swarming behavior was observed 
(Figure 8). Flagella were not observed and only in a few instances 
was slime seen covering swarm cells (not pictured). 
Cellulose nitrate filters placed on a TSB + agar plate or on a 
pre-filter pad saturated with TSB also supported swarming. However, 
swarming appeared a bit unusual. Rafts of swarm cells moved in several 
long straight paths away from the parental colony. After several hours, 
these paths developed into finger-like projections extending several 
millimeters from the colony. About 12 h after inoculation, many 
projections were observed across the length of the filter. Staining 
the cells with crystal violet or carbol fuchsin and examination by using 
a light microscope revealed nothing unusual about swarm cell morphology. 
Rafts of swarm cells were observed in the projections; no swarm cells 
Figure 7. Fluorescent micrograph of a raft of mirabilis IM 47 swarm cells. Cells were stained 
with acridine orange and examined (at 495 nm) with a Nikon microscope equipped with an 
episcopic-fluorescence attachment. Cells were examined for several minutes to allow 
quenching of the dye. Note the yellow areas of the cells. The micrograph was taken 
with Kodak Ektachrome 200 film. Bar represents 5 jura 

Figure 8. Scanning electron micrographs of P^. mirabilis IM 47 swarm 
cells on a polycarbonate membrane filter. 
A. Bar.represents 6>um. 
B. Bar represents 13 /im 
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were found outside of the projections. Slime was not observed after 
staining with alcian blue or TBO. 
Biological Activity of Slime 
Approximately 24 h after polycarbonate membranes were treated 
I with slime (isolated by centrifugation) and inoculated with mirabilis 
91 NR, a positive or negative swarming response was detected. Swarming 
responses varied considerably; sometimes swarming was observed just on 
the filter, and other times the bacterium swarmed over the filter and 
continued swarming over the agar surface. Occasionally, swarming was 
very faint and interpretation required careful examination of both 
positive and negative controls. 
2" mirabilis 91 NR demonstrated luxuriant swarming over the filter 
and agar when 1% tween 80 was tested. Distilled water and TSB gave a 
negative swarming response; a colony developed, but swarming did not 
occur. 
As mentioned earlier, biological assay results varied considerably 
depending on whether or not polycarbonate filters contained the 
polyvinylpyrrolidone (PVP) coating or not. Using PVP-free filters, it 
was much more difficult to generate a positive swarming response compared 
to when PVP filters were used (Table 1). This resulted in fewer 
positives (false positives) when distilled water and TSB were used. 
Slime preparations were measured for biological activity by 
determining the percent positive responses in a large number of tests 
or by diluting the slime and determining the greatest dilution that 
would yield 40% positive results (Table 2). Specific biological activity 
Table 1. Percentage range of positive results in the biological assay when PVP filters and 
PVP-free filters were used 
PVP filters^ PVP-free filters^ 
d-HgO TSB^ 1% Tw*^ Slime^ d-HgO TSB 1% Tw Slime 
50-55^ 50-55 85-100 80-100 0-10 0-10 50-70 40-60 
^Polycarbonate membrane filters containing polyvinylpyrrolidone. 
^Polycarbonate membrane filters without polyvinylpyrrolidone. 
'^Trypticase soy broth. 
1% tween 80 solution. 
^Crude slime isolated by the direct centrifugation method. 
^Percentages based on at least 300 trials. 
Table 2. Effect of purification treatments on the biological activity of 2- mirabilis slime 
Treatment 
% positive 
in biological 
as s ay ^ 
Greatest dilution 
yielding 40% positive 
in biological assay 
Specific 
biological 
activity^ 
None (crude slime)^ 50 1:100 1.82 
Protease 50 1:100 2.50 
DEAE-cellulose 40 1:5 2.50 
^Based on at least 300 trials. 
Specific biological activity is defined as the inverse of the greatest dilution yielding 40% 
positive results in the biological assay divided by the dry weight per milliliter of undiluted slime 
given in milligrams per milliliter. 
^Crude slime isolated by the direct centrifugation method. 
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of slime was defined as the inverse of the greatest dilution that 
yielded 40% positive results divided by the weight per milliliter of 
undiluted slime in milligrams per milliliter. Biological activity 
could not be demonstrated with the supernatant obtained from the culture 
medium control experiment. 
Factors that Affect Biological Activity 
During the course of this study, it was observed that when crude 
slime was treated in certain ways, biological activity was lost. Heat­
ing crude slime in a boiling water bath always destroyed activity. 
Biological activity was lost when crude slime was frozen for several 
weeks. It is not clear whether freezing itself destroyed activity or 
whether storage played a role. Activity of crude slime could be 
demonstrated for about one week when slime was stored at 10 C. 
Lyophilization of crude slime did not affect the biological activity 
when PVP-coated filters were used in the assay, but activity could not 
be shown when PVP-free filters were used. Dialysis of crude slime had 
no effect on biological activity. 
To try to gain a better understanding of the differences between 
PVP-coated filters and PVP-free filters in the biological assay, they 
were examined by using scanning electron microscopy. Filters with and 
without PVP appeared very similar (Figure 9). A slight difference was 
noticed on the matte side of the filters. The matte side of filters 
containing PVP had a more textured appearance compared to PVP-free 
filters. This was the only difference observed. 
Figure 9. Scanning electron micrographs of polycarbonate membrane 
filters. 
A. PVP filter, shiny side. 
B. PVP filter, matte side. 
C. PVP-free filter, shiny side. 
D. PVP-free filter, matte side. 
Note the textured appearance of the matte side of the 
PVP filter. In all micrographs, the bar represents 4/im 
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Both types of filters were treated with crude slime (as though 
they would be used in the biological assay) and examined as before. 
These filters differed in appearance considerably (Figure 10). The 
shiny side of the PVP filter treated with crude slime was similar in 
appearance to that of an untreated PVP filter (Figure lOA and Figure 9A). 
The filter was relatively flat and no traces of slime were detected. 
The shiny side of the PVP-free filter appeared to be covered with 
granular and globular material (Figure IOC). Most of the pores appeared 
to be filled with this material. The matte side of the crude slime-
treated PVP filter appeared very granular (Figure lOB). No pores 
appeared plugged. The matte side of the PVP-free filter appeared 
similar to its shiny side (Figure lOD). Many pores appeared plugged 
and much globular and granular material was observed. 
Slime Isolation and Purification 
Slime was isolated by using the direct ultracentrifugation method. 
After ultracentrifugation, a yellow viscous supernatant was collected 
from each tube. A total of 12 to 20 ml was obtained from the swarming 
growth of 12 baking dishes. This supernatant, crude slime, was 
immediately tested for biological activity or was stored at 4 C for 
chemical assays. 
Crude slime placed on agar appeared to spread evenly across the 
surface, and when examined by electron microscopy, it appeared as a 
smooth and homogeneous covering over the agar surface (Figure 11). 
Several methods were used to remove proteins from slime carbohydrates. 
Crude slime was placed in a boiling water bath for 15 min to precipitate 
Figure 10. Scanning electron micrographs of polycarbonate membrane 
filters coated with crude slime. 
A. PVP filter, shiny side. 
B. PVP filter, matte side. 
C. PVP-free filter, shiny side. 
D. PVP-free filter, matte side. 
Note how the crude slime appears to plug the pores in the 
PVP-free filters and not the PVP filters. In all micro­
graphs, the bar represents 4/im 

Figure 11. Scanning electron micrograph of the edge of a drop of crude slime placed on a 
trypticase soy broth + agar plate. The slime was prepared for microscopy by the 
procedure described by VanderMolen and Williams (1977). Note how the slime (s) 
evenly covers the agar (a). Bar represents 10 ^ m 
wr' 
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proteins. The resulting precipitate was removed by centrifugation, and 
the supernatant was tested for biological activity. Biological activity 
could not be demonstrated with the supernatant. 
When ammonium sulfate precipitation was used to precipitate 
proteins, chemical assays showed that proteins and carbohydrates 
precipitated together. After the precipitate was redissolved in distilled 
water and dialyzed to remove the salt, it was tested for biological 
activity. No activity was detected. 
Crude slime that was treated with protease, followed by dialysis, 
yielded a product that was biologically active. Protease treatment 
removed 92% (12.9/14.0) of the protein (Table 3). A corresponding 
loss in dry weight was noted, and little change in the concentrations 
of carbohydrates and uronic acids was observed. 
Protease-treated slime was placed on a DEAE-cellulose column and 
uronic acids were eluted using sodium chloride. Sodium chloride was 
chosen as the elutant, because it was thought that it would not destroy 
biological activity and because it could easily be removed by dialysis. 
A small amount of uronic acids passed through the column shortly after 
the sample was applied (Figure 12). Selected concentrations of sodium 
chloride ranging from 0.5-1.5 M removed the remaining uronic acids from 
the column. A subsequent experiment demonstrated that 1.5 M sodium 
chloride used by itself eluted a large amount of the uronic acids from 
the column (Figure 13). It was found that all fractions containing 
uronic acids, detected with the carbazole assay, could be identified by 
using toluidine blue 0. A loopful from each fraction was placed on a 
Table 3. Effect of purification treatments on selected chemical components of ]P. mirabilis slime 
Protein Carbohydrate Uronic acid 
Unidentified 
components 
Treatment 
Total 
dry 
weight 
(mg) 
Dry 
weight 
(mg) 
% of 
total 
dry 
weight 
Dry 
weight 
(mg) 
% of 
total 
dry 
weight 
Dry 
weight 
(mg) 
% of 
total 
dry 
weight 
Dry 
weight 
(mg) 
% of 
total 
dry 
weight 
None (crude 
slime)^ 55.0 14.0 25 2.75 5 1.10 2 37.15 68 
Protease 40.0 1.1 3 2.70 7 1.20 3 35.00 87 
DEAE-
cellulose 2.0 0.08 4 0.26 13 1.20 60 0.46 23 
^Crude slime isolated by the direct centrifugation method. 
Figure 12. Elution of uronic acids from DEAE-cellulose by using different concentrations of sodium 
chloride (NaCl). Uronic acids were detected by a modified carbazole assay 
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separate clean glass slide, allowed to air dry, and placed in a coplin 
jar containing the stain. After about 5 min, the slides were rinsed with 
distilled water, and all fractions identified as containing uronic acids 
by the carbazole assay stained dark blue. Fractions containing 
higher concentrations of uronic acids, identified by using the carbazole 
assay, stained darker and more completely than fractions having smaller 
amounts of uronic acids. Fractions containing uronic acids were pooled, 
dialyzed, and tested for biological activity. Biological activity was 
detected in this material (Table 2). 
DEAE-cellulose treatment decreased the total dry weight and dry weight 
of protein and carbohydrate, but did not decrease the dry weight of 
uronic acid detected (Table 3). The percentage of protein present 
increased slightly from the percentage detected after protease treatment. 
The percentage of carbohydrate approximately doubled, and the percentage 
of uronic acid increased by a factor of 20. These figures indicate that 
60% of the eluted material consist of uronic acids (as measured by dry 
weight). 
Acid Hydrolysis and Thin Layer Chromatography 
Slime was examined with thin layer chromatography (TLC) before and 
after acid hydrolysis. Before hydrolysis, no components were separated; 
only the origin spot was observed. After hydrolysis, five components 
having different values were detected when butanol, pyridine, and 
water was used as the solvent (Table 4). Two of the components 
(R^ = 0.94, Rg = 0.86) appeared to migrate close to the solvent front. 
The Rj^ values of the slime components were unlike the R^ values of the 
Table 4. values of sugar standards and acid hydrolyzed sllme of 2- mirabilis IM 47 
Solvents 
Sample 
n-butanol: pyridine; 
water (6:4:3) 
Benzene: acetic acid: 
methanol (1:1:3) 
Methyl ethyl ketone: acetic 
acid: methanol (3:1:1) 
Galactose 
Galacturonic acid 
Glucose 
Glucuronic acid 
Mannose 
Acid hydrolyzed 
slime 
Mannuronic acid 
lactone 
Acid hydrolyzed 
alginic acid 
0 . 8 2  
0.59 
0.88  
0.64 
0.80 
0.94; 0.86; 0.48; 
0.39; 0.24 
0.90; 0.80; 0.31 
0.94; 0.86; 0.71; 
0.48; 0.29 
0.81 
0.56 
0.90 
0.64 
0.85 
0.96; 0.93 
NA^ 
NA 
0.65 
0.35 
0.70 
0.40 
0.79 
0.95; 0.92 
NA 
NA 
^Data not available. 
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standards tested. When two other solvents (commonly used for the 
separation of carbohydrates) were used, only two slime components were 
detected, and they always migrated with the solvent front (Table 4). 
TLC showed that there was no difference in the components of 
mannuronlc acid lactone at a pH of 8.0, 7.0, or 6.5. At each pH, 
three components were detected; each component appeared green after the 
visualization agent, naphthoresorcinol in sulfuric acid, was applied. 
An attempt was made to obtain mannuronlc acid from alglnic acid, 
a polymer of mannuronlc acid (containing trace amounts of guluronlc 
acid). Alglnic acid was hydrolyzed by using the same procedure described 
for slime and the hydrolyzed product was examined with TLC. Five 
components were detected. Three components had values that were 
identical to values of slime components (R^ = 0.94, 0.86, 0.48) 
when butanol, pyridine, and water was used as the solvent. The other 
two components of hydrolyzed alglnic acid had R^ values of 0.71 and 0.29. 
No amino acids were detected in slime after hydrolysis and TLC 
were performed to assay for amino acid content. 
Involvement of Surface Tension in Swarming 
Since tween 80 and slime gave similar results in the biological 
assay, it was thought that perhaps slime generated a positive swarming 
response by reducing the surface tension in the environment near the 
developing swarm cells. To investigate this idea, surface tension 
measurements were made on a number of crude slime preparations having 
different biological activity levels to see if a correlation might exist 
between the surface tension and the amount of biological activity. 
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All surface tension measurements were taken at least 10 times and 
an average was obtained. A standard curve was determined with decimal 
dilutions of 1% tween 80. It was found that as the tween 80 was diluted, 
increased surface tension was detected (Figure 14). The surface tension 
of distilled water was also checked and was found to be 75 dynes/cm. 
Since this was the accepted value for distilled water, I concluded 
that the instrument was working adequately. The surface tension of 
several different crude slime preparations is shown in Table 5. Crude 
slime surface tension varied considerably. Biological activity was 
compared to surface tension measurements (Figure 15) . A correlation 
between reduced surface tension and biological activity could not be 
shown. 
Figure 14. Surface tension measurements of decimal dilutions of 1% tween 80. Surface tension 
was measured by using a du Nuoy tensiometer 
E 
u 
80 
m 
0) 
C 
>-
"O 
7 0  
Z 
O 
6 0  
t/i 
Z 
5 0  
u 
^  4 0  
en 
3 
lO 
l O  1 = 1 0 0  1 = 1 0 0 0  1  : 1 0 0 0 0  
T W E E N  B O  D I L U T I O N S  
74 
Table 5. Surface tension measurements of liquids tested for biological 
activity 
Liquid 
Surface tension 
(dynes/cm) 
Distilled water 75 
TSB 63 
1% tween 80 43 
Crude slime 8/13^ 58 
Crude slime 8/25 48 
Crude slime 8/31 54 
Crude slime 9/7 60 
Crude slime 9/16 59 
^All crude slime isolated by the direct centrifugation method. 
Figure 15. Biological activity versus surface tension of crude slime preparations. Broken line 
represents proposed correlation between biological activity and surface tension 
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DISCUSSION 
Growth of _P. mirabilis on Silica Gel 
When this study began, I thought that slime from 2» mirabilis could 
not be obtained in large quantities, because microscopic examinations 
showed slime as a thin film around swarming cells. Since slime was 
present in small amounts, I was concerned that medium-derived poly­
saccharides might be isolated in addition to slime polysaccharides. The 
presence of medium-derived polysaccharides would confuse the interpreta­
tion of results from identification and purification. To overcome this 
problem, I tried to induce 2- mirabilis IM 47 to swarm on silica gel, a 
polysaccharide-free substrate. Because I was unsuccessful in this 
endeavor, an agar medium was used to support slime production. An 
important control experiment showed that the agar medium, TSB + agar, 
contributed no biological activity and only small amounts of protein, 
anthrone-positive carbohydrates, and uronic acids to the isolated slime. 
Several interesting observations were made from these experiments. 
Observations of jP. mirabilis IM 47 on silica gel showed that swarm 
cells were formed in the small projections of the colony. Cells swarming 
on the surface of a polycarbonate filter on top of silica gel abruptly 
stopped moving upon reaching the edge of the filter and contacting the 
gel surface. These observations suggest that inhibition of swarm cell 
migration on silica gel was not the result of inhibition of swarm cell 
formation or decreased nutrients. I propose that inhibition came from 
the inability of the gel to retain _P. mirabilis slime on its surface in 
sufficient amounts for migration. Slime produced by the cells might have 
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been absorbed into the gel. The projections from the edge of a colony 
may be areas where sufficient slime accumulated and allowed a short 
migration path for the swarm cells. This proposal could be tested by 
the examination of a colony on silica gel with scanning electron microscopy 
and comparing it with a colony on an agar surface. This was not done. 
My hypothesis is supported by the fact that silica gel plates lose 
moisture very rapidly, often resulting in dry, cracked gels after over­
night incubation at 35 C. Since slime is composed mostly of water, 
water loss is important if slime must be available for swarming. 
Observing Slime by Using Light Microscopy 
Woroch (1979) was unsuccessful staining slime of ]P. mirabilis with 
many of the staining procedures for microbial capsules and slime. She 
reported limited success with 1% alcian blue in ethanol in one trial. 
She suggested that the difficulties in staining slime might be attributed 
to the dryness of the agar medium and the water-soluble property of the 
slime. 
I was also able to stain slime with 1% alcian blue, and always found 
that the quality of the impression mount (the amount of cells and slime 
transferred from the agar to the glass slide) determined the success of 
staining attempts. 
When cells and slime were stained with alcian blue and carbol fuchsin, 
intracellular inclusions observed by Howat (1981) were often seen. 
Occasionally, a raft of swarm cells contained several swarm cells 
completely devoid of inclusions. This observation is inconsistent with 
reports by Howat, who noted that the intracellular inclusions persisted 
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throughout the migration period and were still present as the elongated 
cells began to consolidate. Howat never reported observing swarm cells 
devoid of inclusions. 
Toluidine blue 0 (TBO) stained slime on impression mounts darker 
and more completely than alcian blue. TBO is a metachromatic stain 
commonly used to stain mucin and mucopolysaccharides (Rientis, 
1953). It stained cells a pink-purple color and stained slime 
light blue. Slime was stained more rapidly with TBO than with alcian 
blue, and also TBO detected slime on impression mounts when slime was 
not detected with alcian blue. These data indicate that TBO is presently 
the stain of choice for staining slime on impression mounts. 
Slime was observed with phase contrast microscopy when the hot 
sulfuric acid-sodium borate procedure was used on impression mounts. 
This procedure appeared to cement the slime to the slide so that it could 
withstand repeated rinsing in distilled water. Sodium borate was a 
necessary ingredient for fixation; when hot sulfuric acid without sodium 
borate was used, slime was never observed. Future experiments should 
attempt to stain slime fixed with sulfuric acid-sodium borate with TBO. 
Slime was never observed around swarming cells on polycarbonate or 
cellulose nitrate membrane filters in light microscopy after staining 
with alcian blue or TBO. One explanation for this might be that slime 
was not securely attached to the membrane filters. If this was true, 
rinsing would remove the slime, leaving behind only swarm cells. Another 
possible explanation was that because slime stained lightly, it could not 
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be observed through the membrane filter. Additional work Is needed to 
find a way of visualizing slime on filters. 
Swarming on Membranes 
The surface of polycarbonate membranes was an excellent surface for 
viewing the cellular orientation during migration. Unlike the Impression 
mount technique, few cells were lost during staining or rinsing. Also, 
cell loss resulting from cell transfer from agar to slide was eliminated 
since cells were not transferred, but were stained and observed directly 
on the filter. Thus, a more complete representation of cellular orienta­
tion during migration was observed. One major drawback of membranes was 
the Inability to visualize flagella and slime (mentioned above). Scanning 
electron micrographs showed small amounts of slime on swairm cells on 
polycarbonate membranes, but apparently specimen preparation removed 
most of the slime and flagella. 
When acrldine orange was used to stain swarm cells on polycarbonate 
membrane filters, regularly spaced yellow areas were seen surrounded by 
an orange Intracellular background. These yellow areas resembled 
regularly spaced nuclear regions seen in transmission electron micro­
graphs of swarm cells (Armitage and Smith, 1976). Additional evidence 
indicating that these yellow areas were nuclear regions comes from the 
staining properties of acrldine orange. Acrldine orange Intercalates 
with nucleic acids, making DNA appear green to yellow and making RNA 
appear red to orange when viewed with a fluorescence microscope. These 
observations indicate that the yellow regions probably represent DNA 
and the orange areas probably represent RNA (rlbosomes). 
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The irregular swarming observed on cellulose nitrate filters was 
probably due to the filters tortuous surface topography. This feature 
probably influenced the direction of swarm cell movement. Rafts of swarm 
cells migrated preferentially through areas on the membrane having a 
relatively low elevation and avoided areas having a higher elevation. 
t 
This preferential migration behavior was not observed with cells swarming 
on polycarbonate filters. Polycarbonate filters are comparatively flat. 
The migration behavior of swarm cells on polycarbonate filters appeared 
similar to that on agar. 
I found it interesting that mirabilis IM 47 swarmed on a poly­
carbonate membrane filter over a TSB-saturated pad and on a filter placed 
on the meniscus of TSB. These observations support the belief that 
swarming will occur on natural surfaces given a suitable surface, 
sufficient moisture, and nutrients. Previous studies that showed 
mirabilis swarmed on muscle tissue of a mouse (Michael MacAlister, 
Department of Microbiology, Iowa State University, personal communication, 
1981) and that swarm cell morphogenesis occurred when short forms were 
inoculated onto sterile rat feces (Stahl and Williams, 1979) provide 
strong evidence to support this belief. 
!• 
Biological Activity of Slime 
Developing the biological activity assay for slime was the most 
difficult portion of this study. Early attempts to develop the assay 
indicated that obtaining a swarming response from nonswarming mutants 
depended on several variables in addition to the presence of a surfactant. 
Variables such as the amount of moisture in the substrate, the incubation 
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conditions (high humidity vs. low humidity), the nutrient substrate used, 
and the source of the agar appeared to effect changes of the substrate 
surface. The inability to control these variables caused inconsistent 
results of early biological activity experiments. Controlling the surface 
conditions presented practical problems which could not be overcome each 
time an assay was performed. Only by using polycarbonate membrane filters 
was I able to control the surface conditions to the degree needed for the 
assay. Trypticase soy broth + agar was used as the substrate in the 
assay, because it yielded more consistent results than other media 
tested when positive and negative controls were used. 
The surfactant, Tween 80, probably promoted swarming of 2- mirabilis 
91 NR by lowering the surface tension on the membrane filter. If this 
was true, it seems reasonable to assume that a lowered surface tension 
played a role in the ability of slime to promote swarming. While surface 
tension was probably one factor contributing to the biological activity 
of slime, I do not believe that it alone was responsible. If surface 
tension was the only factor involved, then preparations of isolated 
slime with the lowest surface tension should have had the highest 
biological activity, and this was not true (Figure 15). Perhaps a 
certain critical level of surface tension reduction was important for 
biological activity, and once it was reached, other factors became 
important. Factors such as the concentration of toxic metabolites 
(amines) or substances inhibitory to swarming might have been responsible 
for the different levels of biological activity of different slime 
preparations. 
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Scanning electron microscopic observation of the nonswarming mutant 
(91 NR) showed that this organism produces slime, but much less than 
wildtype mirabilis IM 47 (data not shown). I propose that this mutant 
did not swarm because it failed to produce a sufficient amount of slime 
required for swarming. Slime supplied on the filter in the biological 
assay cured this deficiency and promoted swarming of the mutant. 
Results of biological assays depended upon whether or not the poly­
carbonate filters contained the polyvinylpyrrolidone (PVP) coating. 
When PVP filters were used, a greater number of false positives (swarming 
in response to distilled water or TSB) were observed than when PVP-free 
filters were used (Table 1). This was probably caused by the hydrophilic 
characteristic of PVP filters and the hydrophobic characteristic of PVP-
free filters. When the PVP filters were treated with distilled water and 
placed on agar, the PVP permitted the distilled water to pass through the 
filter pores. A moist environment was created beneath the filter. This 
moist environment could have been partly responsible for promoting 
swarming of the nonswarming mutant. When PVP-free filters were treated 
with distilled water and placed on agar, the distilled water on the 
underside of the filter was absorbed into the agar; the water on the 
top of the filter was not able to pass through the pores of the filter. 
This water was removed by evaporation, and a dry filter surface resulted. 
This dry environment did not promote swarming of the mutant. 
When PVP filters were treated with slime and placed on agar, slime 
passed through the filter pores (Figure lOA and Figure lOB) . The high 
amount of biological activity detected (Table 1) probably resulted from 
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the additive effect of the additional moisture (described earlier) plus 
lubricity provided by the slime. When PVP-free filters were treated 
with slime and placed on agar, water in the slime evaporated leaving 
behind coalesced slime on the filter (Figure IOC and Figure lOD). 
This coalesced slime provided lubricity which promoted migration of 
swarm cells across the filter. 
Slime Isolation 
Microscopic observations of isolated slime showed that it closely 
resembled slime associated with swarming cells of mirabilis IM 47. 
Isolated slime could be stained with the same dyes used in light 
microscopy to observe slime around swarm cells on impression mounts. 
Alcian blue and toluidine blue 0 (TBO) stained isolated slime with the 
same intensity as they stained slime surrounding swarm cells. Scanning 
electron microscopic examination of isolated slime on agar showed that 
it closely resembled previous observations of slime covered agar adjacent 
to rafts of swarming cells (VanderMolen and Williams, 1977). 
Chemical analysis showed that uronic acids present in isolated 
slime were the major component of purified slime. This finding agrees 
with the microscopic observations of slime by Woroch (1979), who showed 
that slime of P^. mirabilis IM 47 stained with ruthenium red, a stain 
specific for acidic mucopolysaccharides (uronic acids are a common form 
of acidic mucopolysaccharide). Also, the dyes alcian blue and TBO, used 
to stain slime in light microscopy, have a strong affinity for acidic 
mucopolysaccharides. These observations provide supporting evidence 
that the material isolated was slime of P. mirabilis IM 47 swarm cells. 
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Slime isolated by the wash method was not biologically active when 
PVP-free membrane filters were used in the assay. The wash procedure 
might have liberated inhibitory products from the cell-slime mixture. 
Proom and Woiwod (1951) showed that Proteus excreted certain amines that 
result from the decarboxylation of amino acids. Grabow (1972) showed 
that an inhibitory substance was produced by swarming strains of Proteus 
and was active only against Proteus strains. The wash method may have 
liberated inhibitory products that were not liberated by the direct 
centrifugation method. 
Slime Purification 
Purification of slime from mirabilis IM 47 presented a problem 
not experienced by other investigators purifying extracellular poly­
saccharides from bacteria. In this study, I sought a biologically active 
product after each purification step, and could only use purification 
procedures not harmful to the biological activity of slime. Removing 
proteins from slime without destroying the activity required a gentle 
protein removal method. Heat, denaturation of protein with phenol, and 
ammonium sulfate precipitation were tried, but these methods always 
destroyed the biological activity. The protease treatment was the only 
method that removed the proteins without a loss of biological activity. 
Protease hydrolyzed the proteins in crude slime, and subsequently 
hydrolyzed itself, into free amino acids which were removed via dialysis. 
Ion exchange chromatography of slime was a very effective method for 
concentrating the uronic acids and maintaining biological activity. 
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Acid Hydrolyzed Slime and Thin Layer Chromatography 
Successful acid hydrolysis of slime required harsh hydrolysis 
conditions. This supports my belief that slime was principally an 
uronic acid polymer. However, thin layer chromatography of acid 
hydrolyzed slime revealed that none of the values of the slime 
components corresponded to the values of the two common uronic 
acids, glucuronic acid and galacturonic acid. Therefore, it is 
reasonable to suggest that slime is probably composed of one or more 
uncommon uronic acids. Uncommon uronic acids (such as mannuronic acid) 
were not available for chromatography and were not used as standards. 
It is also possible that one or more sugars might also be a component 
of slime. Additional chromatographic work is needed to identify the 
components of _P. mirabilis slime. 
Slime of mirabilis and Slime of Gliding Bacteria 
Many similarities and differences exist between slime of swarming 
]P. mirabilis and slime of many gliding bacteria. Like swarming JP. 
mirabilis, gliding bacteria leave trails of slime behind them. Slime 
trails deposited by 2» mirabilis and gliding bacteria appear to be 
preferential paths for cell migration. Burchard (1982) showed that 
species specificity was not present in slime from gliding bacteria 
and demonstrated inter-generic trail following of 2- mirabilis on slime 
trails of Beggiatoa alba. 
Slime of a Flexibacter strain was shown to possess properties of 
a temporary adhesive, securing the bacterium to the substrate, but 
allowing translocation motion across the agar surface (Humphrey et al.. 
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1979). Scanning electron micrographs of swarming 2» mirabilis showed 
that its slime also has adhesive properties, maintaining cells in a 
slime coccoon (VanderMolen and Williams, 1977). 
The composition of slime from 2- mirabilis is different from that 
of many gliding bacteria. Purified slime from swarming JP- mirabilis 
contained a high concentration of uronic acids and some anthrone 
positive carbohydrates. Sutherland and Thomson (1975) found a variety 
of polysaccharides in slime from strains of Myxococcus but found no 
uronic acids in their slime. Humphrey et al, (1979) identified the 
components of the slime from a Flexibacter strain as a glycoprotein 
containing glucose, fucose, galactose, and a small amount of uronic 
acid. Uronic acids appear to be an insignificant component of slime 
from the two gliding bacteria examined. Also, slime from Flexibacter 
(Humphrey et al., 1979) did not stain with ruthenium red in thin 
sections. Since ruthenium red is specific for acidic polysaccharides 
(Luft, 1964), this too suggests that the slime of Flexibacter is 
unlike the slime of 2- mirabilis. 
A similarity exists between the gliding ability of Flexibacter 
cells and the swarming ability of 2- mirabilis swarm cells on non-
nutrient substrates. Cells of Flexibacter cannot glide on agarose gels 
unless the gels have been supplemented with the cold water-soluble 
fraction of agar or another plant or bacterial polysaccharide 
(Burchard, 1982). Similarly, swarm cells of 2* mirabilis cannot swarm 
when placed on water-agar, but will swarm when a detergent or "slime" 
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from 2» mirabilis is added to the surface (Williams and Schwarzhoff, 
1978). 
These observations suggest that extracellular slime is important 
to gliding and swarming motility. Gnosspelius (1978) proposed that 
slime liberated by Myxococcus virescens during gliding has a biological 
function. He proposed that it functions to denature native protein 
components from lysed protistal cells and then uses proteolytic activity 
to break them down. He also suggests that the slime enzyme protein is 
in close association with the carbohydrate portion of the slime. 
It is apparent that many similarities exist between extracellular 
slime of swarming 2» mirabilis and that of gliding bacteria. It appears 
to be an important part of their ability to move over a surface. 
Extracellular slime appears to provide a path for cell migration. 
Slime may provide other biological functions such as conditioning the 
substrate in some manner to promote cell motility. 
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